The difficulty in delineating brain tumor margins is a major obstacle in the path toward better outcomes for patients with brain tumors. Current imaging methods are often limited by inadequate sensitivity, specificity and spatial resolution.
Here we show that a unique triple-modality magnetic resonance imaging-photoacoustic imaging-Raman imaging nanoparticle (termed here MPR nanoparticle) can accurately help delineate the margins of brain tumors in living mice both preoperatively and intraoperatively. The MPRs were detected by all three modalities with at least a picomolar sensitivity both in vitro and in living mice. Intravenous injection of MPRs into glioblastoma-bearing mice led to MPR accumulation and retention by the tumors, with no MPR accumulation in the surrounding healthy tissue, allowing for a noninvasive tumor delineation using all three modalities through the intact skull. Raman imaging allowed for guidance of intraoperative tumor resection, and a histological correlation validated that Raman imaging was accurately delineating the brain tumor margins. This new triple-modality-nanoparticle approach has promise for enabling more accurate brain tumor imaging and resection.
The completeness of the surgical resection is a key factor in the prognosis of patients with brain tumors 1, 2 . In attempting to achieve more complete glioma resections, the surgeon encounters several hurdles, including irregular and indistinct tumor margins, as well as tumor growth adjacent to or invading crucial neurological structures 3 . A wide variety of techniques have been explored in an effort to better visualize tumor margins. For example, preoperative magnetic resonance imaging (MRI) has been used to guide stereotactic surgery, where the magnetic resonance images are used to determine the macroscopic outline of the tumor 4 . However, such methods suffer from limited spatial resolution and incongruencies between the borders outlined in the preoperative MRI and the actual tumor borders during surgery because of brain shift 5 . Intraoperative MRI usually requires the administration of gadolinium (Gd) chelates, which have a short blood half-life and therefore require repeated injections 6 and high dosages 7 and the use of which may result in inaccuracies because of surgically induced false-positive contrast enhancement 8 . Several intraoperative optical methods have been suggested that are based either on intrinsic tissue optical properties 3, 9 or exogenous contrast agents [10] [11] [12] . However, these optical techniques have poor specificity because of tissue autofluorescence, limited resolution and depth of penetration, which ultimately limit the localization of the true brain tumor margins 13, 14 .
Photoacoustic imaging is a new technology that largely overcomes the depth and resolution limits of optical imaging. In photoacoustic imaging, light pulses excite target molecular imaging agents, causing very slight heat production and thermal expansion. This produces ultrasound waves that are recorded by an ultrasound transducer that produces a three-dimensional image of the imaging agent's distribution in living subjects 15, 16 . Raman imaging, another promising and complementary optical imaging technique, can be greatly enhanced by the surface-enhanced Raman scattering (SERS) effect 17 . Because of the unique signature of the SERS spectrum, Raman imaging allows for highly specific and sensitive detection of SERS contrast agents, as well as the multiplexing of multiple agents in living subjects [17] [18] [19] [20] .
An ideal molecular imaging agent would be sequestered and retained by a tumor for a long enough period that a single injection A brain tumor molecular imaging strategy using a new triple-modality MRI-photoacoustic-Raman nanoparticle of the agent would facilitate both preoperative and intraoperative imaging, allowing for preoperative planning and intraoperative resection of the tumor. This agent should also allow for both deep tumor visualization and highly sensitive and specific detection of tumor margins.
Here we present a new approach that attempts to fulfill these criteria. We have designed and tested MPRs for a triple-modality strategy that, to our knowledge, is the first to combine MRI, photoacoustic imaging and Raman imaging. This strategy achieves (i) whole-brain tumor localization for preoperative and intraoperative macroscopic delineation using MRI, (ii) high spatial resolution and three-dimensional imaging using photoacoustic imaging and (iii) high-sensitivity, highspecificity and high-resolution surface imaging of tumor margins using Raman imaging ( Fig. 1) .
RESULTS

Synthesis and characterization of triple-modality MPRs
The MPR nanoparticle is composed of a 60-nm gold core covered with the Raman molecular tag trans-1,2-bis(4-pyridyl)-ethylene. The thin Raman-active outer layer is protected by a 30-nm silica coating. We further modified the particles with 1,4,7,10-tetraazacyclododecane-1,4,7,10-tetraacetic acid (DOTA)-Gd 3+ using a maleimide linkage (maleimide-DOTA-Gd) (Online Methods), resulting in a goldsilica-based SERS nanoparticle coated with Gd 3+ ions (the MPR nanoparticle) ( Fig. 2a,b) . We determined the number of Gd 3+ ions per MPR to be 79,340 ± 2,270 (mean ± s.d.) using inductively coupled plasma atomic emission spectroscopy (ICP-AES). A portion of these Gd 3+ ions could be bound directly to the silica surface. To test the serum stability of the MPRs, we performed ICP-AES and found that the number of Gd 3+ ions per MPR decreased by only approximately 14% in the presence of mouse serum after 24 h of incubation (data not shown).
In addition, we validated that the MPRs are stable in serum by measuring their optical stability (Supplementary Fig. 1 ) and hydrodynamic size distribution ( Supplementary Fig. 2 ) over the course of a 24-h incubation in mouse serum. We verified the stable binding of Gd 3+ ions to the nanoparticle surface and the absence of any free Gd 3+ ions in the solution by acquiring T1-weighted magnetic resonance images of the supernatant after particle centrifugation (data not shown). The MPRs showed a very high T1 relaxivity, 3.0 × 10 6 mM −1 s −1 (in H 2 O at a field strength of 7 T and at 20 °C), with minimal batch-to-batch variation (Fig. 2c) . The MPR optical absorbance peaked at 540 nm and had a very high absorbance coefficient, 2.75 × 10 10 cm −1 M −1 (Fig. 2d ). We therefore further modified our custom-made photoacoustic imaging system to include a 532-nm laser to allow for imaging of the MPRs (Supplementary Methods) . The MPRs had a unique Raman signature ( Fig. 2e) , which was identical before and after the surface conjugation of the maleimide-DOTA-Gd to the particles (Supplementary Fig. 3 ). Figure 1 Triple-modality MPR concept. MPRs are injected intravenously into a mouse bearing an orthotopic brain tumor (top). As the nanoparticles circulate in the bloodstream, they diffuse through the disrupted bloodbrain barrier and are then sequestered and retained by the tumor. The MPRs are too large to cross the intact blood-brain barrier and, therefore, cannot accumulate in healthy brain. The concept of proposed eventual clinical use (bottom). Detectability of MPRs by MRI allows for preoperative detection and surgical planning. Because of the retention of the probe, only one injection is necessary, and the probe can be detected in the tumor during surgery several days later. Photoacoustic imaging, with its relatively high resolution and deep tissue penetration, is then able to guide bulk tumor resection intraoperatively. Raman imaging, with its ultrahigh sensitivity and spatial resolution, can then be used to remove any residual microscopic tumor burden. The resected specimen can subsequently be examined using a Raman probe ex vivo to verify clear tumor margins. To test for possible photobleaching, we irradiated the MPRs using both the photoacoustic and the Raman imaging systems. During 30 min of continuous laser irradiation, the optical absorption and Raman signal each did not vary more than 2% (Fig. 2f,g and Supplementary Methods).
In vitro and in vivo detection of MPRs
We next determined the in vitro detection threshold of the MPRs for each modality. We imaged an agarose phantom containing MPRs in concentrations ranging from 1.22 pM to 1,250 pM (n = 3 per concentration) using MRI, photoacoustic imaging and Raman imaging (Supplementary Fig. 4a ) and determined the signal intensities using a region-of-interest analysis (Supplementary Fig. 4b ). The lowest detectable concentrations were 4.88 pM for MRI, 1.22 pM for photoacoustic imaging and 610 fM for Raman imaging ( Supplementary  Fig. 5 ). The MRI, photoacoustic and Raman signals produced by the MPRs in vitro were highly correlated with the MPR concentrations (P < 0.0001 for all modalities, with R 2 = 0.97, 0.99 and 0.99 for MRI, photoacoustic and Raman, respectively) ( Supplementary  Fig. 4b ) and were also highly linear and correlated with each other (Supplementary Fig. 6 ). For a comparison of the depth of penetration of photoacoustic imaging compared to Raman imaging, see Supplementary Figure 7 .
We then measured the detection thresholds of the MPRs in living mice. We subcutaneously injected MPRs diluted in matrigel to six different concentrations (ranging from 50 pM to 1,100 pM) into the right flanks of nude mice (n = 3 mice) and scanned the mice using the MRI, photoacoustic and Raman systems ( Supplementary Fig. 8a) . The MRI, photoacoustic and Raman signals in vivo highly correlated to the MPR concentrations (P = 0.001 for all modalities, with R 2 = 0.99, 0.97 and 0.99 for MRI, photoacoustic and Raman, respectively) ( Supplementary Fig. 8b) . The sensitivity of the MRI and the photoacoustic imaging was limited by the intrinsic tissue background signal. For both MRI and photoacoustic imaging, 50 pM of MPRs gave an equivalent signal to muscle. Raman imaging, however, had a negligible tissue background signal and was therefore limited only by the signal-to-noise ratio. Indeed, at the nominal concentration of 50 pM, the Raman image clearly visualized the MPRs. This explains why the Raman response had the steepest slope in vivo as compared to those from the MRI and photoacoustic imaging (P < 0.0001 for Raman imaging compared to either MRI or photoacoustic imaging; however, the slope of the photoacoustic imaging was not statistically different from that of MRI, P = 0.16), whereas in vitro, where no substantial background signal was present, photoacoustic imaging had the steepest slope of the three modalities. Finally, we found a linear correlation between the signals of the three modalities (Supplementary Fig. 9 ).
In vivo triple-modality brain tumor visualization of MPRs
We next sought to determine whether the MPRs could be used for orthotopic brain tumor detection in living mice. We hypothesized that in an orthotopic glioblastoma brain tumor model, the nanoparticle probe would enter the extravascular space by diffusion through the disrupted blood-brain barrier and accumulate in cells within the tumor without necessitating a specific targeting mechanism (enhanced permeability and retention (EPR) effect), as has been previously observed for iron oxide nanoparticles 22 . We used an orthotopic brain tumor model in which we implanted enhanced GFP (eGFP)-transfected human gliomablastoma cells (eGFP + U87MG) into the striata of nude mice using a stereotactic implantation device (Supplementary Methods) . We injected tumor-bearing mice (n = 4) through tail vein with MPRs and performed consecutive photoacoustic imaging, Raman imaging and MRI on each mouse before injection and at 2 h, 3 h and 4 h after injection, respectively ( Fig. 3  and Supplementary Fig. 10) .
The images from after the injection demonstrated clear visualization of the tumor for all three modalities despite having been acquired through the intact skin and skulls of the mice (Fig. 3a) . The photoacoustic and Raman images were co-registered with the MRI image, showing good colocalization between the three modalities ( Fig. 3a) . In parallel to the photoacoustic images of the brain, we also acquired co-registered ultrasound images to register the photoacoustic images to the magnetic resonance images in orthogonal planes (Fig. 3b ) (using Amide 23 and Amira software, see Supplementary Methods).
A region of interest quantification of the signals in the tumors showed a significant increase in the MRI, photoacoustic and Raman signals after as compared to before the tail-vein injection (Fig. 3c) .
The MRI contrast-to-noise ratio increased from 2. (mean ± s.e.) (P = 0.001). The photoacoustic signal increased by 75%, from 0.57 ± 0.02 AU to 1.0 ± 0.08 AU (P = 0.001). The Raman system recorded no signal before injection and an intense signal of 1.0 ± 0.09 AU (P = 0.012) after injection. We then determined the kinetics of the MPRs for all three modalities using additional mice orthotopically implanted with eGFP + U87MG tumor cells (n = 4 mice each for MRI and Raman imaging; we derived the photoacoustic data from the first set of mice described for Fig. 3) . We analyzed the signal kinetics for each mouse individually for the MRI, photoacoustic and Raman imaging systems ( Supplementary  Fig. 11 ). We acquired data before injection and at 0.5 h, 1 h, 1.5 h and 2 h after injection. For MRI, we also acquired data 24 h after injection. We found that the MPR signal increased markedly between the pre-injection and the 30-min post-injection time points for all three modalities (from 1.4 ± 0.24 to 8.7 ± 0.76 contrast-to-noise ratio for MRI (P < 0.001), a 60% ± 14% increase for photoacoustic imaging (P < 0.01) and from 0 to 1.96 ± 0.27 AU for Raman imaging (P < 0.001)). The signal then reached a plateau for MRI and photoacoustic imaging, which remained essentially stable until the latest examined time point of 2 h for photoacoustic imaging and 24 h for MRI. Of note, this behavior contrasts with conventional clinically used Gd-based contrast agents, which show rapid washout within minutes after injection, whereas the MPRs showed persistent signal enhancement ( Supplementary Fig. 11 ). For Raman imaging, we observed an initial signal peak before the signal reached a plateau (P < 0.0001 for the peak value compared to the plateau). We presumed this effect was caused by the initial nonspecific circulation of MPRs in superficial layers (for example, skin), to which Raman imaging is most sensitive of the three modalities ( Supplementary Fig. 11 ).
Histological validation of MPR sequestration by brain tumors
We next examined the distribution of the MPRs within the brain using histology. Using the mice described above, we performed immunohistochemistry with antibody staining against eGFP and CD11b to visualize eGFP + U87MG tumor cells and microglia, respectively. In particular, we sampled sections that included the interface between the tumor and the surrounding brain tissue. We then examined adjacent sections using high-resolution Raman microscopy (Supplementary Methods) and correlated these images with the immunohistochemistry results. We observed a strong Raman signal within the tumors but not in healthy brain tissue, with the Raman signal producing a very good delineation of the actual tumor border ( Fig. 4) . Scanning transmission electron microscopy (STEM) (Fig. 4) further corroborated these results, showing numerous MPRs in tumor sections and none in the surrounding brain tissue (923 MPRs found within tumors in an examined volume of 57,500 µm 3 (average of 0.016 MPRs per µm 3 ) and no MPRs found in healthy brain in an examined volume of 12,500 µm 3 ). A three-dimensional STEM rendering of MPRs in the tumors is provided in Supplementary Video 1.
To further examine the ability of the MPRs to visualize not only the bulk tumor but also the margins of the invasive tumor, we used an orthotopic primary human xenograft glioblastoma mouse model (the TS543 cell line 24 grown as neurospheres). As confirmed by correlative Raman microscopy, immunohistochemistry and scanning electron microscopy, the MPRs accumulated in the infiltrating tumor margins ( Supplementary Fig. 12 ). In addition, Raman imaging was able to depict finger-like tumor protrusions and even isolated microscopic tumor foci ( Supplementary Fig. 13 ).
MPRs guide brain tumor resection in vivo
Finally, we explored whether tumor resection along the photoacoustic and Raman signals, 24 h after intravenous injection of MPRs, could facilitate tumor resection. Initially, we tested the ability of Figure 4 Histological validation. Ten-micrometer frozen sections from the margin of an eGFP + U87MG brain tumor stained for eGFP (green) to visualize the tumor margins and CD11b (red) to visualize glial cells and examined using laser scanning confocal microscopy (top). A 50-µm adjacent slice examined using Raman microscopy to visualize the distribution of the MPRs (bottom). The Raman signal corresponding to the eGFP + cells indicates the presence of the probe in the tumor but not in the adjacent healthy tissue. The Raman signal (red) was scaled from 0 to 100 AU. The boxes are not drawn to scale. STEM images verified the presence of MPRs in the brain tissue, whereas no MPRs were seen in the healthy brain tissue. A three-dimensional STEM rendering of MPRs in brain tumor is provided in Supplementary Video 1 . photoacoustic imaging to delineate brain tumors in situ, which showed a reduced signal in the resected area (Supplementary Fig. 14) . Next, we placed brain-tumor-bearing mice (n = 3) under general anesthesia and performed craniotomies and subsequent in vivo Raman imaging. We then removed sections of the brain tumors detected using visual inspection only. We obtained high-resolution intraoperative Raman images after each resection step and correlated them with the intraoperative photographs. We first visualized the whole tumor using Raman imaging (Fig. 5a,b) . With each sequential resection step, we noted a high congruency between residual tumor tissue ( Fig. 5a) and the presence of a Raman signal ( Fig. 5b) and, vice versa, between resected tumor and lack of a Raman signal. Of note, after the tumor resection seemed to be complete by visual inspection, we noted several small foci of residual Raman signal (Fig. 5b) in the resection bed. When we then extended the resection to include these foci, which were located near the tumor-brain interface and histologically analyzed this tissue, we found frequent finger-like microscopic extensions of the tumor into the surrounding brain tissue (Fig. 5c) . We were able to detect these cancerous foci, which were otherwise not visible to the naked eye because of the specific accumulation of the MPRs therein.
DISCUSSION
We designed and tested a unique triple-modality nanoparticle that is, to our knowledge, the first to combine MRI, photoacoustic and Raman imaging. The MPRs described here could enable radiologists and neurosurgeons to 'see' the same probe before and during surgery, thus allowing for more accurate brain tumor resection by exploiting the complementary strengths of each modality. The excellent detectability of MPRs using MRI (in the picomolar range) is a direct result of the very high longitudinal relaxivity of the MPRs of 3.0 × 10 6 mM −1 s −1 . To our knowledge, this is the highest relaxivity of a nanoparticle reported to date.
Photoacoustic imaging is a relatively new technique that allows deeper tissues to be imaged with higher spatial resolution compared to most optical techniques [25] [26] [27] . The exceptionally high optical absorbance coefficient of the MPRs is over 200-fold higher than, for example, previously reported photoacoustic imaging agents that are based on carbon nanotubes 28, 29 . Also considering its threedimensional capabilities, photoacoustic imaging could guide the more gross resection steps and even identify tumor tissue residing under the surface of normal brain tissue. Then, to completely remove microscopic tumor deposits, Raman imaging, with its superior sensitivity, could be used.
Raman imaging in conjunction with MPRs offers ultrahigh sensitivity in the picomolar range, as opposed to the nanomolar sensitivity that is achievable using fluorescence imaging of quantum dots 13, 17, 18, 20 . Raman imaging of MPRs, in contrast to other optical imaging techniques, does not suffer from autofluorescence or background signal because the MPR spectral signature is highly amplified and unique (its 'fingerprint'). Although the main limitation of Raman imaging is its limited penetration depth, we achieved tumor visualization here through the intact skin and skulls of live mice (to a depth of 2-5 mm). This result stems from a combination of the design of the nanoparticle, with its gold core producing a surface plasmon resonance for Raman signal enhancement, the Raman substrate used and the number of nanoparticles accumulating within the tumor. Raman nanoparticles are inherently insensitive to photodestruction, which is a known problem of organic fluorochromes. Furthermore, unlike most quantum dots, which are cytotoxic 30, 31 , MPR nanoparticles are based on inert gold and silica and, thus, may have a better chance for clinical translation. Gold and gold-silica nanoparticles have excellent cytotoxicity profiles, as has been illustrated in detailed toxicity studies in cell cultures, mice [32] [33] [34] and several clinical trials 21 . The design of the MPRs would also allow for multiplexing 20 , with the potential to detect multiple biomarkers simultaneously in vivo.
In addition, MPRs have a unique advantage over conventional contrast agents of low molecular weight. For example, low-molecularweight Gd chelates or fluorochromes accumulate in the extracellular space, where breakdown of the blood-brain barrier has occurred, and then undergo rapid diffusion through the interstitium and renal clearance. These low-molecular-weight agents are therefore unable to delineate tumors for the time period spanning the resection procedure, let alone for the entire period between preoperative planning and surgical intervention. This diffusion process also introduces imprecision of probe localization, requires repeated contrast administration (for example, of Gd chelates during intraoperative MRI) and can cause false-positive results because of surgically induced contrast enhancement. In contrast, the in vivo kinetic studies performed with the MPRs here show that the particle is retained in the tumor, allowing for repeated imaging as required without the need for multiple injections. This contrast-agent behavior may also be useful for distinguishing tumor recurrence from nonspecific treatmentrelated effects. As the MPR approach relies on the EPR effect, it could potentially be applied to imaging other cancer types that have intrinsic EPR effects, including lung cancer, melanoma, renal cancer, hepatoma and many others 35 . In addition, the long intratumoral retention of the MPRs could also be exploited for drug delivery or photothermal therapy.
New instrumentation, including endoscopic and intraoperative photoacoustic and Raman imaging devices that are required for the clinical translation of the MPR approach described here, are currently under development 36, 37 . Ideally, a combination of both devices integrated into one handheld probe would be available in the operating room. In particular, such endoscopes should be designed for easy intraoperative navigation and should enable real-time imaging. Further development of such instrumentation could lead to improved brain tumor surgery and outcomes for patients in the future. For an additional discussion, see the Supplementary Discussion.
METHODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/naturemedicine/.
Note: Supplementary information is available on the Nature Medicine website.
